Anodically oxidized titanium surfaces, prepared by spark discharge, have micro-submicron surface topography and nano-scale surface chemistry, such as hydrophilic functional groups or hydroxyl radicals in parallel. The complexity of the surface characteristics makes it difficult to draw a clear conclusion as to which surface characteristic, of anodically oxidized titanium, is critical in each biological event. This study examined the in vitro biological changes, induced by various surface characteristics of anodically oxidized titanium with, or without, release of hydroxyl radicals onto the surface. Anodically oxidized titanium enhanced the expression of genes associated with differentiating osteoblasts and increased the degree of matrix mineralization by these cells in vitro. The phenotypes of cells on the anodically oxidized titanium were the same with, or without, release of hydroxyl radicals. However, the nanomechanical properties of this in vitro mineralized tissue were significantly enhanced on surfaces, with release of hydroxyl radicals by oxidation effects. In addition, the mineralized tissue, produced in the presence of bone morphogenetic protein-2 on bare titanium, had significantly weaker nanomechanical properties, despite there being higher osteogenic gene expression levels. We show that enhanced osteogenic cell differentiation on modified titanium is not a sufficient indicator of enhanced in vitro mineralization. This is based on the inferior mechanical properties of mineralized tissues, without either being cultured on a titanium surface with release of hydroxyl radicals, or being supplemented with lysyl oxidase family members.
Introduction
It is important to consider surface characteristics when designing titanium implants that generate new bone tissue and, consequently, osseointegration. Both surface topography and surface chemistry have been defined as important determinants toward the success of titanium implants (Boyan et al., 1996; Diebold, 2003; Jones et al., 2000; Shibata et al., 2002; Zhao et al., 2011) . Anodically oxidized titanium enables micro-submicron topography during spark discharge. Functional groups also occur on the surface because surface anatase phase TiO 2 in an amorphous matrix generates reactive oxygen species (ROS) such as •OH, generating hydrophilic functional groups when •OH contacts water (Rajagopal et al., 2006; Shibata et al., 2010; Tizazu et al., 2009) . Despite the efficacy of anodic oxidation in modifying titanium implants, the mechanism remains largely unexplored. This is mainly because the complexity of the surface characteristics makes it difficult to draw a consensus conclusion as to whether, or what extent, the surface characteristics of anodically oxidized titanium influence the biological activity. Studies have shown that osteoblasts cultured on the surface of anodically oxidized titanium (prepared by discharge in electrolytes) show increased expression of osteogenic genes and the extent of mineralized areas with harder and stiffer mechanical properties (Jang et al., 2014; Omori et al., 2009; Shibata et al., 2010) . Such enhanced mechanical properties of the mineralized tissues are assumed as a function of •OH. The stored oxidation effects of •OH may oxidize lysine residues of immature collagen molecules generated by osteoblasts, allowing collagen matrix crosslinking to be finalized, They also activate the biological function of oxidation enzymes, such as lysyl oxidase (LOX) family members (Shibata et al., 2013) . However, the effect of the underlying •OH has yet to be fully explained because of the difficulty of isolating the process of •OH generation from the anodically oxidized titanium surface.
•OH generation on the anodically oxidized titanium surface is mostly based on the anatase TiO 2 phase in the amorphous matrix (Shibata et al., 2010) . We therefore speculated that crystallization of the amorphous TiO 2 matrix would enable a substantial reduction of the surface •OH so that we could explore the pure role of •OH generation on adherent cells.
In this context, we first performed surface characterization with •OH detection of anodically oxidized titanium surfaces with, or without, additional thermal oxidation. Such thermal treatment has been used to identify the TiO 2 crystal phase by X-ray diffraction, as thermal processing facilitates crystallization so that anatase or rutile crystal phases are more readily detectable (Takemoto et al., 2004) . Subsequently, in vitro biological activity of primary osteoblasts on these anodically oxidized titanium samples, with or without •OH release, was examined. This study investigated the enhanced nanomechanical properties of in vitro mineralized tissues, nearly independent of the gene expression patterns of osteogenic differentiation. Thus, comprehensive gene expression profiles on titanium samples were observed by DNA micro-array followed by real-time quantitative PCR.
In addition to the essential matrix protein expression associated with osteogenic cell differentiation on titanium implants, enhanced cross-linking in the matrix proteins should be an essential prerequisite in intact mineralized tissue with enhanced mechanical properties. This is based on the consideration that bone-like mineralized tissues such as bone and dentine are natural biocomposites.
Bone morphogenetic protein-2 (BMP2), one of the most commonly used anabolic agents in bone-repair strategies, substantially increases bone volume related to enhanced osteoblast differentiation (Chen et al., 2004; Gong et al., 2001; Mundy et al., 1999) . The enhanced matrix protein generation associated with osteogenic cell differentiation by means of BMP2 is a widely accepted concept, even though BMP2 also diminishes the gene expression of LOX family members (Shibata et al., 2013) . Therefore, mineralized tissues cultured with BMP2 and LOX-like 2 (LOXL2) on titanium plates were also assessed using nanomechanical testing. Given these observations in the present study, useful data could be gathered by comparing the oxidation effects between •OH or LOX family members with osteogenic cell differentiation on titanium surfaces.
We postulate that the function of osteogenic cell differentiation alone on modified titanium surfaces, without proper collagen matrix maturation associated with •OH or oxidation enzymes such as LOXL2, would not be sufficient to allow enhanced mineralization at the interface between the material surface and the host tissue.
Materials and Methods
Specimen preparation JIS grade-2 titanium (KS-50, Kobe Steel, Tokyo, Japan) was used to prepare specimens as 10 × 10 × 1.0 mm plates and 8.0 mm diameter × 1.0 mm thickness discs for X-ray photoelectron spectroscopy (XPS ; ESCA-3400, Shimadzu, Kyoto, Japan). Each specimen surface was mechanically polished using waterproof polishing papers to # 1200 under running water and then finished with alumina particles of 0.3 mm diameter. Specimens were ultrasonically cleaned in acetone, detergent solutions (7X, ICN Biomedicals, Aurora, OH, USA) and pure distilled water each for 15 min (Ti specimens).
We prepared four types of specimens: Ti, Ho-Ti, Ao-Ti and Ao-Heat. To prepare Ho-Ti samples, Ti specimens were oxidized by heating at 600 °C for 30 min in a dental furnace. To prepare Ao-Ti samples, Ti specimens were connected to the anode of a device developed in our research group and immersed in electrolytes. A 50 × 100 × 0.1 mm stainlesssteel plate was used as the counter-electrode. Discharge (416 mA/cm 2 ) was generated between the electrolyte and the working electrode through a gas layer on the surface of the electrode for 60 s. Specimens were anodically oxidized in 100 mL of 1 M Na 2 HPO 4 . After this process, Ao-Ti samples were washed in pure distilled water. To prepare Ao-Heat samples, Ao-Ti specimens were heated at 600 °C for 3 h in a dental furnace. Through this post-thermal treatment, we anticipated that •OH generation would be prevented on the surface of Ao-Heat samples so that we could then investigate the isolated effects of •OH generated on the surface by comparing Ao-Ti and Ao-Heat. All of the titanium samples were dried and stored in a sealed desiccator for 24 h.
Surface characterization

Thin-film X-ray diffraction (TF-XRD)
Prior to analysis, the crystal phases of the titanium samples were detected by TF-XRD (XRD-6100, Shimadzu) with CuKα radiation. Pure rutile and anatase TiO 2 (Wako Pure Chemical Industries Ltd., Osaka, Japan) were used for the standard reference materials. XRD was performed at 40 kV and 40 mA with a scanning speed of 0.02°/4 s and a scanning range of 20-60°(θ = 0.5°).
ROS detection on titanium surfaces by XPS
As suggested by previous studies (Shibata et al., 2010; Takemoto et al., 2004) , the generation of •OH was detectable by XPS. The O1s binding energy originating from TiO 2 is stable even after the oxidation process, whereas the Ti2p binding energy is more variable depending on the processing. Variations in the O1s spectra reveal the adsorption of oxidation products onto a titanium surface after treatment rather than titanium oxide films. Takemoto et al. (2004) reported the detection of •OH using standard electron-spin resonance concomitant with the growth of the O1s peak around 531.0-532.0 eV on titanium exposed to H 2 O 2 . Therefore, we evaluated the •OH generated on the titanium surfaces by the O1s binding energy after respective treatments. The binding energies for each spectrum were calibrated based on the C1s spectra of 285.0 eV.
The amount of •OH present on the titanium samples was also determined by the following methods (Hanawa et al., 1998) . Ammonium chloride solution (4 M, 500 mL) was mixed with 0.4 M zinc chloride solution (250 mL) and the pH of the mixture was adjusted with 30 % ammonium hydroxide to pH 6.9. The volume of the mixture was adjusted to 1000 mL with deionized water. Titanium samples were sequentially immersed for 300 s in 150 mL of this solution in beakers at ambient temperature. During immersion, active •OH ions were mostly exchanged for zinc ions, forming zinc chelates. After this, the plates were immersed in 150 mL of deionized water 3 times to remove chemical species that had not adsorbed. The specimens were dried in a desiccator. High-resolution spectra of Zn 2p correspond to the relative zinc concentration on the titanium samples. The relative zinc concentration was Wurihan et al. Oxidation effect on anodically oxidized titanium quantified by XPS, with the amount of zinc representative of the amount of active •OH on their surfaces.
Surface topography
The surface topography of the titanium disks was examined using a laser microscope (OLS 4000, Shimadzu). The areabased parameters measured were the average roughness (Sa), maximum peak height (Sp), maximum valley depth (Sv) and peak to valley depth (Sz), which were quantified using the proprietary software of these instruments.
Measurement of contact angle
The contact angles of the samples with or without storage in a sealed desiccator for one week, relative to 1 mL of pure distilled water were measured by a contact-angle meter (CA-DT, Kyowa Interface Science, Saitama, Japan). During these measurements, the temperature and humidity were kept at 23 °C and 50 %, respectively.
Osteoblastic cell culture
Primary calvarial osteoblasts were obtained from the calvariae of neonatal ddY mice (Sankyo Co. Inc., Tokyo, Japan) using 0.1 % collagenase and 0.2 % dispase (Suda et al., 1997) . Primary osteoblast cells were cultured in α-minimum essential medium (Wako Pure Chemical Industries Ltd., Osaka, Japan) supplemented with 10 % fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and penicillin-streptomycin at 37 °C in a CO 2 incubator (5 % CO 2 , 95 % air). At sub-confluence, cells were detached and seeded at 4 × 10 4 cells/cm 2 onto titanium samples and polystyrene cell culture plates (control) in culture medium supplemented with 50 μg/mL ascorbic acid, 10 mM Na-β-glycerophosphate and 10 -8 M dexamethasone. Culture medium comprising 200 ng/mL of purified recombinant human bone morphogenetic protein-2 (BMP2) (Astellas Pharmaceuticals Co. Ltd., Tokyo, Japan) or 200 ng/ mL BMP2 and 4 μg/mL of recombinant human lysyl oxidase homolog (LOXL2) (#2639-AO; R&D Systems, Minneapolis, MN, USA) with Ti specimens served as the Ti-BMP2 and TiBMP2+LOXL2 samples, respectively (Shibata et al., 2013) . Culture medium was renewed every 3 days.
Quantitative real-time polymerase chain reaction PCR (qPCR)
Gene expression was analyzed and quantified by qPCR. Total RNA samples were extracted with TRIzol reagent (Invitrogen), then reverse-transcribed using SuperScript III (Invitrogen). qPCR assays were performed using a SYBR green Fast PCR system (Applied Biosystems, Foster City, CA, USA), with primer sequences shown in Table 1 . Band intensity for each gene was quantified and normalized with the reference to Gapdh mRNA expression at day 3 and 1 week.
Microarray analysis
The Agilent DNA Microarray was analyzed as previously described (Shibata et al., 2013) .
Mineralization assay
Alizarin red staining was performed at 2 weeks of culture. Following three washes with PBS and two washes with pure distilled water, the titanium samples were dried in air, and then stained for 5 min using 1 % Alizarin Red S (Sigma-Aldrich, St Louis, MO, USA; pH = 6.3-6.4). The quantification of staining has been detailed in a previous study (Jang et al., 2014) .
Calvarial bone specimen preparation
Two male ddY mice (Sankyo Co. Inc.) at 2 weeks and 4 weeks of age were euthanized following an approved protocol at Showa University. The calvariae were harvested with the surrounding soft tissue and then stored in Hanks' Balanced Salt Solution (Sigma-Aldrich) until use. The calvariae were cross-sectioned in the longitudinal direction using a low-speed diamond saw (Isomet; Buehler GmbH, Braunschweig, Germany) under water irrigation. The cross-sectioned samples were embedded in a cold-cure epoxy resin (Palapress, Vario; Heraeus Kulzer GmbH, Hanau, Germany), polished manually with silicone carbide paper from #800 to #1000, and then polished with 0.3 μm alumina polishing paste (Buehler). The samples were ultrasonically cleaned with distilled water for 10 s between each step. 
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Micro-Raman spectroscopy Mineralized tissues, after 2 weeks of cell culture, stained with alizarin red (see Mineralization assay), were used for the micro-Raman spectroscopy tests, so that we could readily focus on the mineralized nodules on the sample surfaces. The titanium samples were also cross-sectioned, with the mineralized tissues, and then embedded in cold-cure epoxy resin (Palapress, Vario; Heraeus Kulzer GmbH). The embedded samples were polished manually with silicone carbide paper from # 800 to # 1000, and then polished with 0.3 μm alumina polishing paste (Buehler).
Raman spectra of at least five mineralized nodules in each sample were acquired using a confocal Raman microscope (RXN1; Kaiser Optical Systems, Inc., Ann Arbor, MI, USA) with a 785 nm laser diode source. A 50 × objective focused light on a 3 μm spot on the mineralized nodules. The Raman scattered light (10 s exposure time) was collected by a spectrograph with a spectral resolution of 1 cm -1 . From each Raman transect, a normalized mean spectrum was generated to offset the effect of a single spectrum on the arithmetic mean. Data for each transect were imported into Matlab 12.1 (The MathWorks, Inc., Natick, MA, USA), wherein the spectra were corrected for dark signals and averaged into normalized spectra. Background signals were removed from the normalized spectra, using a user-defined multipoint baseline routine, and the Raman bands were fitted using a curve-fit routine if all the band intensities were non-negative and the fit yielded an R2 value of 0.99 or greater. Raman shift assignments on mineralized nodules were identified from previous studies (Shibata et al., 2013) .
Raman maps (HoloMap™, Kaiser Optical Systems) were generated on the cross-sectioned samples at the interface between the mineralized tissue and the titanium surfaces. A 50 × objective focused light on a 3 μm spot for the regions of interest with 10 × 10 area spots used. The relative intensity ratio of the amide III band at 1250 cm -1 was visualized.
Nanoindentation test for in vitro mineralized tissues Nanoindentation experiments were generated, using a quantitative nanomechanical test instrument (TS70 TriboScope; Hysitron, Inc., Minneapolis, MN, USA) interfaced with a scanning probe microscope (SPM-9700, Shimadzu). The probe used was a diamond Berkovich indenter (Hysitron). Fused quartz acted as the standard calibration material, to determine the indenter tip area function as well as the machine compliance of the instrument (Oliver and Pharr, 1992) .
The detailed nanoidentation theory on mineralized tissue has been described previously (Shibata et al., 2013) . Hydrated mineralized tissues on titanium samples, immediately after 2 weeks of cell culture, were used for nanoindentation tests. The tissues were not subjected to fixation with chemicals such as aldehyde or ethanol, because such fixations would increase or decrease the elastic properties of the tissues because of conformational changes to the collagen molecules. The nanoindentation tests were also performed on parietal (cortical) regions of the calvarial bone samples used in the study.
The indentation tests were performed perpendicular to the sample surface using a partial unloading technique (Field and Swain, 1995) with a load function comprising an incremental 33 loading and unloading cycles with a hold time. Each segment time was set at 1 s, and maximum loading force was 1 mN (Jang et al., 2014) . The hardness and elastic modulus were calculated from the force-displacement curves using the standard unloading analysis within the TS-70 proprietary software (Hysitron). The values for at least five indentation tests were merged and the error bars were shown as a bar chart to indicate the deviation of the data between 40 and 150 nm, based on the effective range of the Berkovich tip area function used in this study.
Statistical analysis
Three samples were evaluated in the surface characterization experiments and the cell culture studies (mineralization assay, qPCR) while five tests were performed in the nanoindentation studies. Results are expressed as the mean ± SD for each experiment. The normal distribution of each value was confirmed using the Kolmogorov-Smirnov test. The appropriateness of the hypothesis of homogeneous variances was investigated by means of the Bartlett's test. Data were statistically analyzed by ANOVA followed by a post-hoc Tukey test. A p value of less than 0.05 was considered significant.
Results
Surface characterization
Thin-film X-ray diffraction (TF-XRD)
The 2θ values of the TiO suboxide peaks were more distinct with Ao-Ti, Ho-Ti and Ao-Heat than with Ti samples. A peak around 27°, attributed as rutile TiO 2 , was observed on Ho-Ti. A broad peak around 25°, that could be attributed to a range of d-spacing for the amorphous matrix between anatase and rutile, was observed on Ao-Ti. Two peaks, attributed as a crystal anatase TiO 2 phase, were detectable around 37° and 53° on Ao-Heat (Fig. 1a) . The increasing TiO and TiO 2 revealed the developing thickness of the titanium oxide film on the oxidized titanium samples. (Hanawa et al., 1998; Lin and Bumgardner, 2004; McCafferty and Wightman, 1999; McCarron, 1990; Ohtsuki et al., 1997; Park et al., 2007; Takemoto et al., 2004 (Fig. 1b) . The presence of ROS, such as •OH and their oxidation products Lin and Bumgardner, 2004; McCarron, 1990) , was increased on the Ao-Ti sample in comparison with Ti and Ho-Ti. The peaks attributed to the formation of •OH were not detectable on Ao-Heat, although OH ˗ was still detectable on the surface (Fig. 1b) .
ROS detection on titanium surfaces by XPS
After immersion in a solution containing ammonium chloride and zinc chloride, the relative concentration of zinc on Ao-Ti was significantly higher (p < 0.01) than that on Ti, Ho-Ti, and Ao-Heat (Table 2) (Jang et al., 2014) .
Fig. 1. Surface characterization of titanium samples. XRD spectra of titanium samples (a). Pure rutile and anatase
TiO 2 particles were used as standard reference materials. Peaks attributable to an anatase TiO 2 crystal phase (arrow) were detected on Ao-Ti and Ao-Heat. The increasing TiO (asterisk) and anatase TiO 2 revealed a developing thickness of the titanium oxide film on Ao-Ti and Ao-Heat. High resolution XPS spectra of O1s on Ao-Ti and Ao-Heat (b).
The binding energy values corresponding to TiO 2 , •OH, OH
˗ and H 2 O peaks were 530.3, 531.4, 532.2 and 533.2 eV, respectively. The surface topography of the titanium samples was examined using a laser microscope (c). Contact angle of pure distilled water on the titanium samples before storage (0 wk) and after 1 week (1 wk) of storage (d).
The mean values are shown with the standard deviation (n = 3 *p < 0.05, **p < 0.01). Table 2 . Relative atomic concentrations of each element (%) on the titanium samples, with (+) or without immersion in a solution containing ammonium chloride and zinc chloride. Results are expressed as the mean ± SD of three independent repeats (n = 3). Data were statistically analyzed by ANOVA followed by a post-hoc Tukey test.
Ti O C P Zn Ti 13.9 ± 0.4 54.5 ± 2.8 31.6 ± 2.1 --Ho-Ti 23.6 ± 1.3 61.3 ± 3.1 15.1 ± 1.9 --Ao-Ti 6.2 ± 0.8 59.2 ± 3.8 15.5 ± 2.2 15.6 ± 3.1 -Ao-Heat 4.2 ± 1.8 60.3 ± 2.2 18.7 ± 1.2 12.5 ± 2.8 -Ti (+) 10.2 ± 1.6 43.6 ± 4.2 44.5 ± 5.4 -1.6 ± 0.4 Ho-Ti (+) 9.8 ± 0.9 40.7 ± 2.2 47.1 ± 3.2 -2.2 ± 0.7 Ao-Ti (+) 2.7 ± 0.6 40.4 ± 3.1 40.3 ± 4.1 11.3 ± 1.2 5.2 ± 1.4 Ao-Heat (+) 4.7 ± 2.3 40.5 ± 4.4 43.1 ± 2.2 9.3 ± 2.2 2.1 ± 1.1 www.ecmjournal.org
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Hence, the increased amount of •OH generated on the AoTi could also be clarified (Hanawa et al., 1998) .
Surface topography
Pores with diameters in the micron or submicron scale were counted on Ao-Ti and Ao-Heat (Fig. 1c) . The mean surface roughness parameters are summarized in Table 3 . The roughness parameters on Ao-Ti and Ao-Heat were higher (p < 0.01) than those values on Ti and Ho-Ti. However, those parameters between Ao-Ti and Ao-Heat were statistically equivalent (p > 0.01). Table 3 . Mean surface roughness parameters of titanium samples. The average roughness (Sa), root mean square deviation (Sq), maximum peak height (Sp), maximum valley depth (Sv) and peak to valley depth (Sz) were quantified using the proprietary software of these instruments with a scanning range of 643 × 644 μm (n = 3). 
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Measurement of contact angle
The contact angle of pure distilled water on the oxidized samples before storage was < 5°, whereas that of Ti was 52 ± 1.0°. The oxidized samples showed significantly higher hydrophilicity (p < 0.01) compared with titanium samples (Fig. 1d) . However, Ho-Ti showed a great reduction of surface hydrophilicity after 1 week of storage as the contact angle of Ho-Ti to pure distilled water increased significantly (p < 0.01).
Osteoblast phenotype on titanium samples
At day 3 of culture, the expression levels of osterix (Osx), osteopontin (Opn), osteocalcin (Ocn), and bone sialoprotein-2 (Bsp2) on the Ao-Ti and Ao-Heat surfaces were significantly higher (p < 0.01, 0.05) than those on the Ti and Ho-Ti surfaces (Fig. 2a) . At 1 week of culture, Osx, Opn, Ocn, Bsp2, and alkaline phosphatase (Alp) expression levels on the Ao-Ti and Ao-Heat surfaces were significantly higher than those on the Ti and Ho-Ti surfaces. The expression between Ao-Ti and Ao-Heat was statistically equivalent (p > 0.05). Concerning osteoblast phenotypes cultured on bare titanium and control cell culture plates with supplemental BMP2, qPCR analyses also verified the downregulation of LOX family gene expression including Lox, Loxl1, Loxl2, Loxl3, and Loxl4 by BMP2, and this was concomitant with Oxidation effect on anodically oxidized titanium enhanced expression of osteoblast differentiation marker genes including Osx, Opn, Ocn, Bsp2, and Alp as compared with control or Ti cultures (Fig. 3) .
DNA microarray
Gene scatter plots showed that Ti vs. Ao-Ti had large numbers of upregulated and downregulated genes in cells, as indicated by the regions outside the central area; whereas other comparisons, including control vs. Ti, Ti vs. Ho-Ti, and Ao-Ti vs. Ao-Heat exhibited almost similar expression levels (Fig. 2b) . After adopting cut-off points of × 2.0 and × 0.5, the overlap of differentially upregulated or downregulated genes between Ti vs. Ao-Ti and Ho-Ti vs. Ao-Ti indicated a total number of 653 upregulated genes (not shown). Gene ontology (GO) analysis of these overlapping genes revealed a total of 209 upregulated GO terms that satisfied a corrected p-value of 0.1, and these upregulated GO terms covered categories of ossification, tissue development, and cell differentiation-related genes, such as Osx and Ocn, as well as those observed in qPCR. Ao-Ti vs. Ao-Heat displayed a total of 21 upregulated GO terms, but none of the downregulated GO terms satisfied a corrected p-value of 0.1. The upregulated GO terms for Ao-Ti vs. Ao-Heat were not involved in the categories of ossification, tissue development, or cell differentiationrelated genes.
Mineralization assay
The area of mineralized nodule formation on Ao-Ti and AoHeat surfaces was observed to be greater than that observed on Ti and Ho-Ti surfaces, with the area of mineralization on Ao-Ti significantly greater than that on Ao-Heat (Fig.  4a ). This observation was verified with quantification, with Ao-Ti and Ao-Heat surfaces having a significantly higher (p < 0.05) quantifiable mineralized area than Ti and Ho-Ti surfaces.
Nanoindentation test
After 2 weeks of cell culture, we calculated the representative hardness and elastic modulus of the mineralized tissues developing on the titanium samples using depth-dependent partial loading curves. The hardness and elastic modulus of the bare Ti surface were 3.1 ± 0.3 and 178.8 ± 4.5 GPa, respectively (data not shown). The hardness and elastic modulus (40-150 nm contact depth) of mineralized tissues on Ti were 0.25 ± 0.06 and 4.8 ± 0.05 GPa, respectively, while those on Ho-Ti were 0.24 ± 0.04 and 5.5 ± 0.04 GPa, respectively (Fig. 5a ). In addition, the hardness and elastic modulus of the mineralized tissue on Ao-Ti were 0.25 ± 0.06 and 4.8 ± 0.05 GPa, respectively. There were no significant differences (p > 0.01) in the nanomechanical properties of any of the mineralized tissues grown on the polystyrene culture plate (control) Ti, Ho-Ti, Ao-Heat surfaces. The hardness and elastic modulus of the mineralized tissue on Ao-Ti were significantly higher (p < 0.05) than those of Ti, Ho-Ti and Ao-Heat, being estimated at 0.78 ± 0.04 and 13.5 ± 0.08 GPa, respectively. The latter values were comparable to those of the 2-week-old calvarial bone sample and those of human bone or dentin reported in previous studies (Angker et al., 2005; Butz et al., 2006; Shibata et al., 2008) . The lowest values for the hardness and elastic modulus (p < 0.05) were obtained on mineralized tissue samples cultured in the presence of BMP2 (Fig. 4b) . These values could be distinguished from the underlying polystyrene culture plate (p < 0.01) (data not shown).
The mineralized tissues in the TiBMP2+LOXL2 samples had the highest hardness and elastic modulus of 1.6 and 18.0 GPa, respectively. The latter values were comparable to those of the 4-week-old calvarial bone sample (Fig. 5b ).
Molecular structure of mineralized nodules
There were no distinctive Raman spectra observed on the Ti and Ho-Ti specimens, even after 2 weeks of culture (not shown ) (Bonifacio et al., 2010; Dehring et al., 2006) were detectable on Ao-Ti whereas no distinctive spectra were observed on Ao-Heat (Fig. 4b) . Raman maps revealed tight connections between the mineralized nodules and the titanium sample surfaces (Fig. 4c) .
Discussion
In the present study, we investigated the nanomechanical properties of in vitro mineralized tissue on titanium sample surfaces. The aim of this study was to discern the individual surface characteristics of anodically oxidized titanium surfaces, such as surface wetting properties and oxidation effects, which enable osteogenic cell differentiation and enhanced matrix cross-linking, respectively. A tight connection between mineralized tissues and anodically oxidized titanium surfaces was observed, indicating that the mineralized nodules on titanium samples were likely associated with individual surface characteristics.
The thickness of rutile TiO 2 was observed on thermally oxidized Ho-Ti, whereas anatase TiO 2 was detectable on anodically oxidized Ao-Ti. Anodizing by spark discharge in electrolyte enables the generation of numerous crystal phases comprising anatase, rutile and their intermediate amorphous matrices. Such varied mature and immature crystal lattices enable a range of intrinsic d-spacing. The XRD peak position is primarily based on the d-spacing, assuming that anodically oxidized titanium surfaces generated a broad peak from numerous TiO 2 crystal phases at 23-25 degrees. Therefore, the anatase (or rutile) phase TiO 2 in the amorphous matrix layer existed on the anodically oxidized titanium surfaces.
The superior wetting properties of the Ho-Ti surface were reduced by probable surface contamination after 1 week of storage (Att et al., 2009) . Despite the initial superhydrophilicity, the in vitro biological activity of HoTi was statistically equivalent to untreated Ti, whereas enhanced osteoblast function could be observed on anodically oxidized Ao-Ti and Ao-Heat because of the hydrophilic functional groups or surface topography.
Surface characterization on Ao-Heat revealed a reduction of •OH on the surface, although the topographic and hydrophilic features on Ao-Heat remained similar to those on Ao-Ti. Osteogenic gene expression levels on Ao-
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Ti and Ao-Heat were higher than those on Ti and Ho-Ti, but there were no distinctive differences between Ao-Ti and Ao-Heat in the comprehensive gene expression profiles. Thus, surface topographies and hydrophilicity on Ao-Ti, rather than •OH, were responsible for changes in gene expression of adherent osteoblasts on the surface. Although the extent of mineralization on both anodically oxidized Ao-Ti and Ao-Heat was larger than that of Ti and Ho-Ti, Ao-Ti showed the greatest degree of mineralization of adherent osteoblasts, and only AoTi demonstrated molecular features of bone-like tissue. Additionally, the nanomechanical properties of mineralized tissue on Ao-Ti were higher than those on Ao-Heat, and approached the nanomechanical properties identified with the calvarial bone sample. The obvious reduction in the nanomechanical properties of mineralized tissue on AoHeat was therefore because of the oxidation effects caused by the release of •OH.
By contrast, osteoblasts cultured with supplemental BMP2 on Ti showed enhanced osteogenic gene expression, as did those cells cultured on anodically oxidized AoTi and Ao-Heat. Despite the substantially increased osteoblast differentiation and mineralization, we observed a remarkable deterioration in the nanomechanical properties of these mineralized tissues with supplemental BMP2 and a great reduction in LOX family members in osteoblasts cultured with BMP2. However, the inferior nanomechanical properties in these Ti-BMP2 samples could be recovered with supplemental LOXL2, as seen in the TiBMP2+LOXL2 samples. LOX is a critical enzyme in the normal biosynthesis of extracellular matrix proteins (such as collagen cross-linking) by the oxidation of lysine residues (Vora et al., 2010) . Because bone is a natural biocomposite consisting of mineralized collagen fibers (Dvir et al., 2011; Gower, 2008) , a cross-linked collagenous matrix is therefore essential, together with the expression of specific genes that induce ossification to ensure the hardness and elastic modulus of mineralized tissues (Paschalis et al., 2003; Wang et al., 2002) . A recent study reports the expression of Loxl2 by prehypertrophic and hypertrophic chondrocytes during the chondrogenic phase of bone fracture healing (Iftikhar et al., 2011) . Although the biological functions of the LOX family members in bone formation have not been fully elucidated, the cooperative interaction between osteogenic differentiation and oxidation of the collagen matrix is capable of mediating harder and stiffer in vitro mineralized tissue.
During endochondral ossification, generation of ROS such as •OH is often considered to be a biological function that enables apoptosis caused by oxidative stress (Morita et al., 2007) , based on the fact that the apoptotic cells induce subsequent osteoblast mineralization. Thus, the oxidative stress of the surface •OH of Ao-Ti could enhance the mineralization of adherent cells to a greater extent than in the other samples. Despite the estimated oxidative stress on Ao-Ti, a previous study reported a great reduction in the oxidative stress on Ao-Ti as a consequence of oxygen diffusion into the culture medium by the invariable reaction between surface •OH and water (Iwai-Yoshida et al., 2012) .
On this basis, we conclude that the enhanced mineralization on the Ao-Ti surface was not fully associated with cell apoptosis. Apart from the apoptotic mineralization, •OH causes the depolymerization of proteins on the titanium surface, allowing the surface to become more mineralized (Klinger et al., 1997; Tengvall et al., 1989) . However, our latest study revealed that the generation of •OH on titanium surfaces enables enhanced collagen matrix cross-linking rather than protein depolymerization (Jang et al., 2014) . Thus, the surface •OH of Ao-Ti are capable of enhancing the nanomechanical properties of mineralized tissues through the oxidation and maturation of collagenous matrix proteins.
Both the Ti-BMP2 and the Ao-Heat material enhanced the expression of osteogenic genes and increased the mineralization of cultured osteoblasts, but led to inferior nanomechanical properties in the mineralized tissues, presumably caused by reduced levels of LOX family members and •OH. Indeed, •OH on Ao-Ti samples were shown to be critical in enhancing the nanomechanical properties of mineralized tissue, through induction of cross-linking of collagenous bone matrix proteins as well as expression of LOX family members in the ossifying tissue. Osseointegrated implants need to be functional as rigid osseous anchors. The biomechanical stability of osseointegrated titanium implants is of particular importance, especially the stability or longevity that is achieved from the physicochemical properties of the mineralized tissue at the interface between the implant surface and the host bone (Butz et al., 2006; Ozawa et al., 2002; Saruwatari et al., 2005; Shibata et al., 2008) . Un-remodeled bone regions are generally very fibrous and are not replaced by mature bone. Therefore, new biomaterials for bone regenerative purposes, such as titanium implants, need to feature a surface that promotes osteogenic differentiation and enhanced mineralization during the initial integration stage. An anatase TiO 2 phase in the amorphous matrix on anodically oxidized Ao-Ti surfaces showed enhanced osteogenic gene expression and better nanomechanical properties of mineralized tissue than rutile Ti on thermally oxidized titanium surfaces. The successful surface modification of titanium implants associated with •OH and the common findings, such as hydrophilicity and surface topographies, could be expected on anodically oxidized Ao-Ti.
Conclusions
The present study assessed the in vitro biological activity of anodically oxidized titanium samples with or without •OH release.
•OH on the surface of anodically oxidized titanium, prepared by discharging in an electrolyte, enhanced the nanomechanical properties of the mineralized tissues, while the surface hydrophilicity and topography changes were related to the expression of osteogenic genes by the cells. The nanomechanical properties of in vitro mineralized tissues and osteoblast behavior on modified titanium surfaces should be examined in parallel in future studies.
